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A  study  was  made  of  the  aerodynamic  function  of  the  combi  ike  fixtures  found 
on  -the  leading  edge  of  owl  wings.  Microphotographs  of  an  owl's  wing  showed  the 
comb  to  resemble  a  row  of  spanwi-se  twisted  airfoils  oriented  to  form  a  cascade. 
Smoke  flow  visualization  tests  on  an  owl  wing  showed  that  the  comb  acts  as  a 
cascade  which. turns  the  flow  close  to  the  wing  leading  edge  in  a  spanwise  direc¬ 
tion.  Flow  visualization  experiments  were  run  using  flat  plate  and  cambered  air 
foils. with  comos  in  a  low  speed  three-dimensional  wind  tunnel.  Results  showed 
that  the  leading  edge  comb  produced  a  stationary  spanwise  vortex  that  delays 
flow  separation  at  high  angles  of  attack.  The  high  lift  device  was  related  to 
the  vortex  lift  phenomena  observed  on  delta  wing  aircraft.  The  comb's  small 
relative  size,  simple  structure,  and  lack  of  moving  parts  may  make  it  attractive 
for  aircraft  use. 
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Bionics,  the  study  of  natural  engineering  systems,  does  nothaye 
a  large  repfesentat Ion  In-  the  literature  of  engi Peering.  In  fact,  ft. 

Is;  regarded  by  many  as;  an  unsonyent ional  approach  to  solyl ng  engineer* 
Ing  problems.  Such  a  stand  disregards  the  Wonderful  advantage  of  hav¬ 
ing  a  working  system  or,,  In  essence,  the:  answer  to  the  problem  ayai  I  - 
able  for  observation  and  experiment.  Wi  th  the  .answer  already;  knOWn, 
dne  can  concentrate  on  understanding  and  to  some  degree  duplicating  the 
■system-.. 

1  credit  my  Introduction  to  bionics  to  Captain  dames  Richmond;  fey  . 
centiy  graduated'  f tom  the  Aerospace  Test  Pilot  School  at  Edwards  AFB, 

Cal  ifornia,  His  knowledge  of  the  phenomena  related  topwl  ;f11;g,ht;^was.‘  , 
the  beginning;  of  this  studyv  The  focus  of  the;  study;;pn  the;  leading 
:#gp; -cc^'-'ot  the  owl  wing;  was,  inspired  by  the  book.  Structure  Form^ 
Movement,;  by  He.i nrich'Hertel.  In  this  book  the  funct ten  of  the;  comb 
1  s,  1  dent i f led  as  an  unsolved  problem  J n-  f] u id  dynamics t  Host  impontanti, 
however,  the  study  would  not  have  been  practical  without;  the  f  indings 
made  by  Or.  R.A.  Krceger  of  the  University  of  Tennessee  Space  Institute; 
In  a  wind  tunnel  test  of  the  owl  Wing;. 

I  made  many  friends  in  the  engineering  and  biological  sciences  dur¬ 
ing  my  study  of  the  owl  wing.  It  would  be  less  than  fitting  to  omit  the 
names  of  these  who  spent  the  most  time  In  giving  advice,  direction,  and 
encouragement  In  the  study.  Aeronautical  engineers  Jerry  Martin  and 
James  Snyder  of  the  Preliminary  Design  Division,  Directorate  of  Advanced 
Systems  Design,  ASD,  sponsored  the  project  and  acted  as  advisors.  Pro¬ 
fessor  Harold  C.  Larsen,  It  Colonel  Frederick  F,  Tolle,  and  Captain  ft.F. 
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Best gen  were  the  AFIT  faculty  advisors*  Captain  Roger  Crawford  and  Hr. 
Howard  White  of  the  Fi ight.  Dynamics  laboratory  ;.jMfttKibjuied;>j^heKf  :per>! 
serial Effort *  technical  library,  arid Wind)  tufihej  .fac^Iftless:  'Fi^.1.^ 
Mr.  Robert  Woods*  Division  of  Wf  Idlifev  State  of  oh io^jartdj  Hf.  Richard 
Patterson  of  the  Outdoor  td'ucatipri ^  Center*.  Anticch:C&ir^ 
able  live  owls  arid  a  thorough  backgrouridoi  theowl' s  habits  arid  ft  ight 
behaviour.  To  these  people  f 

but  also  an  increasedappreciation  for  the  bionic  approach  to  engirieer- 
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Abstract 

•"  -  -  '  _  ,  -ft. 

A  study  was  made  of  the  aerodynamic  function  of  the  combi  ike  fix* 
tu res  found  on  the  leading  edge  of  owl  wings.  Microphotographs  of  an 
owl ‘  s  wing  showed  the  comb  to  resembl  e  a  row  of  spanwl.se  twisted  air¬ 
foils  oriented  to  form  a  cascade.  Smoke  flow  visualization  tests  oh  an 
owl:  wing  showed  that  the  comb  acts  as  a  cascade  whichturns  the  flow 
close  to  the  wing  leading  edge  in  a  spanwise  direction.  Flow  visuali¬ 
zation  experiments  were  run  using  flat  plate  and  cambered  airfoils  with 
combs  in  a  low  speed:  three-dimensional  wind  tunnel .  Results  showed  tnat 
the  leading,  edge  comb  produced  a  stationary  spanwise  vortex  that  delays 

flow  separation  at  high  angles  of  attack.  The  high  lift  device  was  re- 

*  *  < 

l  a  ted  to  the  vortex  lift  phenomena  observedfon  delta  wing  aircraft. 

The  comb’s  small  relative  size,  simple  structure,  and  lack  of  moving 
parts  may  make  it  attractive  for  aircraft  use. 
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-  'IV  introduction/ 


Achievement  of  higher  lift  coefficients  at  extremely  lo*f*Xf?P*«ds 
is  a  problem  of  great  importance  in  current  STOL/VTOL  aircraft  deyeVopr 

.  I  ‘  ’  "  -  '  .  ' 

went,  in  spl te  of  intensive  research  in  this  area  many  of  the  current 

"el"  ""  '  •  ■  ■ 

and  proposed  high  lift  systems  suffer  from  serious  shortcomings.  Among, 
these  are  excessive  mechanical  complexity  and  high  engine  thrust  penal - 
ties.  In  view  of  these  probl ems  an  ideal:  high  Uft  device  could,  be  eh* 
visioned  a:  one  having  no  moving  parts,  no  direct  use  of  engine  thrust, 
and  negligible  effect  on  high  speed  performance;  The  high  lift  device 
found  on  the  wings  of  most  species  of  owls  deserves  the  ccrodynamicist*  s 

'  i 

attention  in  that  it  appears  to  have  all  of  these  ideal:  qualities.  A 
* 

previous  wind  tunnel  study  of  an  actual  owl  Wjng  has  Identified  the  high 
lift  function  of  a  comb-like  cascade  located  on  the  leading  edge.  Be¬ 
cause  of  the  limited  nature  of  the  study,  no  detailed  data  was  gathered 
on  the  flow  mechanism  or  performance  of  the  high  lift  device.  The  pur- 
l>ose  of  this  study  was  to  identify  the  flow  mechanism  present  on  the 
owl  wing  and  to  produce  a  suitable  analog  or  model  of  the  device  from 
which  performance  data  could  be  measured  in  the  wind  tunnel.  Further, 

recommendations  are  made  as  to  the  suitability  of  this  device  for  use 

> 

on  conventional  airfoils. 

Method 

The  general  method  of  study  followed  guidelines  appropriate  for  a 
bionics  typo  of  investigation.  The  first  step  required  examining  and 
photographing  the  wings  of  live  owls,  obtaining  components  of  owl  wings 
for  precise  sectioning  and  measurement,  and  gathering  data  on  owl  flight 
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from  biologists  an/i  natural  istsi  Concurrently,  a;-  literature  search  was 
made  to  gather  available  data  on  aerodynamic  theory  relevant  to  bird 
f  1  Ight*  Following  the  physical  study  of  t.be  owl  wing,  enough  data  was 
aval labl e  to  design  arid  construct  a  nsodel  of  the  leading  edge  comb. 

This  comb  was  tested  on  several  simple  airfoils  using  flow  visual  liar 
tldn  techniques  in  a  three-d iroensional  wind  tunnel .  Insight  gained  In 
the  f  low  visual izat ion  study  suggested  chahges  in  the.  comb  model  uht? I 
a  close  duplication  of  the  flow  over  the  owl  wing  Was  attained;  Several 
flow  visualization  techniques  were  tried  including,  smoke,  titanium  dioxide; 
slurry,  and  tufts ^  The  smoke  tests  j>f9V<sd--'.tto.;be?  inmost-.  successful  p.nd 
were  used  almost  exclusively  in  the  latter  stages  of  the  study,.  Ob!terr 
vat ions  from  the  smoke  visualization  showed  the  flow  field  to  have  many 
of  the  characteristics  associated  with  the  leading  edge  vortex  phenomena 


observed  on  sharp  leading  edged  delta  wings  operating  at  high  angles  of 


attack.  The  literature  search  was  then  directed  toward  studies  in  this 
area  and  was  successfui  in  locating  material  that  aided  in  explaining 
the  flow  mechanism. 


Background 

The  unusuai  configuration  of  the  owl  wing  was  first  brought  to  She 
attention  of  the  aeronautical  engineering  community  in  193^  when  Lieu¬ 
tenant  Commander  R.R.  Graham,  R.N,  wrote  an  article  on  the  subject  in 
the  Journal  of  the  Royal  Aeronautical  Society  0).  In  this  article  en¬ 
titled  "The  Silent  Flight  of  Owls"  Graham  describes  the  hooked  comb: 

"There  Is  a  remarkably  stiff,  comb-like  fringe  on  the 
front  margin  of  every  feather  that  functions  as  a 
leading  edge.  The  teeth  of  this  comb  are  extensions 
of  the  barbs,  or  fibres,  that  form  the  front  webb  of 
the  feather.  They  vary  in  length  and  distance  apart 
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according,  to  the  size  o  he  bird  and  to  ^heir  position 
in  thewing.  The  largei  of  them  are  4^  ip.  In  length, 
and  6.75  w|»^  apart  (l)*"  ~  '  .  ' 

This  comb  along  With  the  other  pepul  lari  ties  of  the  owi  wing  was  copr 

sldered  by  Graham  as  contributing  to  the  owl  *s  quite  flight,  in.  the 

case  of  the  comb,  he  proposes  that  aerodynamic  quieting  is.  caused  by  a 

reduction  in  flow  velocity  at  the  leading  edge  of  the  Wing.  Following. 

Graham,  a  brief  consideration  of  the  cpi^Vs  .possible  effect  On  sound 

generation  l?  made  by  August  Raspet  in  an  article  published  in  ISjGO 

entitled  “Biophysics  of  Bird  Flight**  (2),  Raspet  compares  the  combs 

'  i 

to  Cylindrical  wires  generating  aeoTian  tones  and  notes  -that  the  fre¬ 
quency  of  the  emitted  tone  Is.  a  function  of  the  .cylinder  dteJieteri.  In 
later  years  the  common  use  of  various  types  of  vortex  genera  tors  to 
delay  f  low  separat  ion  on  a  if fo  i  ls  has  promoted  the  theory  that  combs, 
function  In  this  manner  and  are  not  primarily  intended  for  aerodynamic 
quieting.  E.F.  Bllck  of  the  University  of  Oklahoma  states  in  an  article 
entitled  "Bird  Ae-odynamlcsM  that  straight  pins  placed  on  the  leading 
edge  of  an  airfoil  In  an  arrangement  resembling  the  hooked  comb  results 
In  an  increase  in  lift  (3).  A  recent  NASA  Technical  Memorandum  also 
shows  that  leading  edge  serrations  result  In  significant  Increases  in 
maximum  lift  coefficient  by  generating  chordwise  oriented  vortices  (4). 
The  best  presentation  of  the  problem  in  engineering  terms,  however, 
appears  In  the  book  Struc.ure-Form-Hovement  by  Heinrich  Hertel  (5). 

Here,  the  analysis  considers  shape,  size,  orientation,  and  applicable 
Reynolds  number  of  the  comb-wing  system.  Hcrtei  makes  the  important 
observation  that  the  hooked  comb  does  not  resemble  the  vortex  or  tur¬ 
bulence  generators  used  on  conventional  airfoils  because  of  the  orien¬ 
tation  of  the  comb  blades  relative  to  tha  airfoil  surface.  The  con- 
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elusion  that  Hertel  reaches  is  that  the  function  of  the  corob  is  an  un¬ 
solved  problem  In  fluid  dynamics  In  1972  an  extensive  study  on 

owl  flightwas,  made  byRvA.  Kroeger  and  others  at  theyhiyersfty  of  Ten" 
nessee  Space  Institute  (6).  The  study,;  entitled  Low  Speed:  Aerodynamics 


for  U 1 trarQu ? et  Flight ,  was  abroad 


whose  purpose  was  to  measure 


tne  noise  generated  by  the  owl:  in  flight;  and  to  Idehtlfy  any  mechanisms 

.that  contributed  to  no« se  suppression;  An  important  part  of  the  study 

%,  $  i,  . .  -  \  "  -  '  -  ■  ’  ‘  '• 

centered  on  the  Hooked  combconi:gurat«ohand  involved;  a  wind  tunnel 
test  of  an  owl  wing.  The  results  of  this  test  showed'  that  the  comb  de¬ 
layed  flow  separation  on  the.  outer  half  oi  the  Wing  up  to  extremely  high 
angles  of  attack.  By  probing  the;  flow  field  with  tufts ;  a  mapping  of 
the  •streaml  ines  oyer  the  top  p/  the  wings  was  obtained.  This  led  to  the 
discovery  that  the  comb  was  producing.  a  vortex  sheet  at  the  wseg's  lead¬ 
ing  edge  and  directing,  spanwise  flow  toward  thu  ’/ingtip.  The  data  on 
streamlines  and  the  discovery  of  the  high  lift  function  of  the  combs 
provided  the  basis  on  which  the  present  study  Was  undertaken. 
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l  !i  t  Owl  Viffhg; . Conti  gurat  Ion  ' 

The  configuration  of  the  owl  Wing  exhibits  features  cpnirobn  to  most 
birds,  the  skeletal  structure  consists  of  a,  l  inkage  of  bones  that 
closely  resembles  the  humar^  rn  Figure  1  the  analogy  can  be  fol¬ 

lowed  starting  With  the  shotijder  joint,  progressing  down  the  upper  arm, 
and  iermihati.hg:  at  the  wr!s;‘  joint.  Outboard  of  the  Wrist  joint  are 
bon  55  controllable  by  the-  bird  that  terminate  in  feathers ojrlerited I  at 
right  angles  to  the  direction  of  flight,  these  feathers  or^  termed  :the 
primary  flight  feathers.  Taken  as  a  group  they  form  a  movable  outer - 
portion  of  the  wing  that  is  often  referred  to  collectively  as  tK  manus. 
The  feathers  of  the  manus  can  be  moved  independently,  or  as  a  group  by  the 
muscles.  Filling  out  the  remaining  planform  of  the  wing  are  the  secon¬ 
dary  feathers.  These  are  held  in  place  by  the  flesh  or  pstaglum  surroun¬ 
ding  the  bores  of  the  forearm.  The  pa tag i urn  in  addition  to  securing  the 
secondary  feathers  also  forms  the  contour  of  the  leading  edge  of  the 

inner  portion  of  the  wing*  Projecting  forward  from  the  top  of  the  wrist 

► 

area  are  a  grouping  of  two  to  three  short  feathers  that  act  as  a  control¬ 
lable  aerodynamic  "thumb'*.  This  feather  system  is  called  the  alula  or 
bastard  wing  and  Is  well  developed  on  the  owl.  The  physical  shape  of 
the  wing  is  completed  by  the  presence  of  covert  feathers  which  do  not 
contribute  to  the  planform  of  *he  wing  but  give  it  additional  contour  or 
thickness.  The  covert  feathers  are  attached- to  the  patagium  both  above 
and  below  the  main  flight  feathers  and  concentrate, additional  thickness 
on  the  wing  in  the  region  directiy  behind  the  lei  ding  edge. 

The  primary  and  secondary  feathers  form  the  wing  planform  and  are  of 
special  Interest  since  they  are  also  the  wing's  load  carrying  structure. 
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these  feathers  are  composed  of  a  central  shaft  with  vanes  or  surfaces 
running  along  most  of  its  length.  The  vane  is  built  up  of  a  series  of 
parallel  rods  or  f«rbs  that  are:  bound  together  their  length  by 
barbules.  The  barbules  function  in  a  .manner  analogous  to  hook  and  eye: 
fasteners  or->  horeclpsely,  to  the  Ve'tcro  tape  used  as  a  fastener  In 
some  clothing.  This  feature  al  lows  the  barbs  to  form  a  self-restoring 
surface  when  parted  by  abnormal  1 oca?  stresses . 

it  Is  obvious  that  the  owl  Wing:  is  a> variable:  geometry  device  which 
Integrates  the  bird's  thrust  {and  l  ift  producing  mechanisms  as  Well  as 
providing  most  of  the  means  for  flight  control;,  these  factors  require 
the  Wing  to.  change  its  shape  and  configuration  and  to  change  from  an 
active  to  a  passive  role  as  thrust  requirements  dictate.  One  category 
of  wing  changes  not  under  direct  muscular  control  of  the  bird  is  the 
•eroelastlc  properties  of  the  flight  feathers.  Aerodynamic  forces  act¬ 
ing  on  these  feathers  can  be  resolved  into  torsional  and  bending  moments 
acting:  on  the  shaft.  In -f light  bending  moments  acting  on  the  primary 
feathers  of  the  manus  cause  the  wingtlp  region  to  bend  upward  and  open 
into  a  series  of  multiple  airfoils.  The  orientation  of  these  individual 
airfoils  is  not  in  the  plane  of  the  wing  and  varies  with  the  owl's  flight 
condition.  A  close  examination  of  the  manus  region  In  Figure  2  shows 
that  the  first  two  primary  feathers  have  their  vane  plarsform  specific¬ 
ally  designed  to* accentuate  the  slot  effect.  Bending  effects  on  the 
secondary  feathers  result  in  a  change  In  the  physical  camber  of  the  In¬ 
board  sections  of  the  wing.  Torsional  moments  about  the  feather  shafts 
appear  to  play  an  Important  part  in  controlling  the  porosity  of  the  wing 
surface.  This  porosity  is  formed  by  the  slots  that  open  between  the 
flight  feathers  during  the  flapping  or  powered  phases  of  flight.  The 
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function  end  of  this  porosity  is  not  Well  understood ,  however, 

several  studies  Have  been  conducted  in  this  field  by  the  Russians  (7,8)., 
The  owl  wing  possesses;  a  -nuiitber  of character  i  sties  not  genera  illy 
found  Oh  other  :6ird  wings*.  The  first  of  these  is  the  hooked,  comb  on 
the  leading  edge  of  the  f» rst  and  second  primary  feathers.  Figures  '3; 
and  4  show  the  comb  position  on  the  first  primary  feather.  The  comb 
is  formed  by  the  ends  of  the  barbs  that  rad ? ate  from  the  shaft  of  the 
f aethers;  Toward  the  extremity  of  the  barbs,:  the,  barbules  that  normally 
hold  the  vane  together,  part  and-  allow  the  tip  6f  the  barbs  to  ty/ist 
along  ttvelr  axis;  it  can  be  seen  that  the  barbs  toper  sharply  at  the 
ends  and  reta i n  the  barbules  on  the  outboard  side.  The;  size  of  the 
individual5  bleJes  of  the  comb  that  Is  formed  varies  with  the  size  and 
species  of  owl  as  well  as  with  the  position  along  the  shaft  of  the  fea- 

f  - 

ther.  Representative  dimensions  are  2  mm.  for  the  separated  portion  of 
the  barb  and  0.7  mm;  between  barb  tips  (5) .  A  second  peculiarity  of  the 
owl  wing  Is  the  fringing  that  occurs  in  the  vanes  that  make  up  the 
trailing  edge  portions  of  the  wing.  This  Is  shown  in  Figure  5.  instead 
of  binding  the  vane  together  out  to  the  apex  of  the  barbs,  the  barbules 
again  release  their  hold  and  the  resulting  separation  of  the  barbs  forms 
a  discontinuous  surface.  The  appearance  of  the  separated  barbs  is  quite 
different  from  that  of  the  leading  edge  comb.  On  the  trailing  edge  the 
barbs  form  soft,  flexible  streamers  from  which  minute  barbule  filaments 
radiate  in  all  directions.  The  final  characteristic  is  the  downy  upper 
surface  on  the  portions  of  the  vanes  that  come  in  contact  with  adjacent 
feathers  during  flight.  The  contrast  between  downy  and  smooth  areas  on 
the  upper  vane  surfaces  is  shown  in  Figures  6  and  7.  Because  the  downy 
surfaces  are  present  only  in  areas  of  physical  contact,  It  is  presumed 


Figure  k.  Hooked  Comb  Magnified  20X 

(The  Wtngtlp  Is  to  the  left) 
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-that  they,  perform  either  a  iubr  Tea  t  ing  or  quieting,  function  (5)< 
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Figure  5.  Trailing  Edge  Fringing  Magnified  30X 
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Figure  6.  Smooth  Feather  Vane  Surface 
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Figure  ?.  Downy  Feather  Vane  Surface 
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11:1.  Literature  Survey  of  Test  Data-. 

the  study  of  owl  flight  by  Kroeger  (6)  contains  a  great  deal  of 
data  on  the  aerodynamic  performance  of  the  individual  devices  present 
on  the  owl  wing^  The- data  relevant  to  the  hooked  comb  problem  f^lls  in 
three  main  categories.  These  are  wind-tunnel  tests  of  a  severed  owl 
wing,  water  tunnel  tests  of  a  hooked  comb  analog,  and  free  f.l  ight,  ex¬ 
periments  using  live  owls.  Each  of  these  experiments  is  discussed  with 
respect  to  their  contributions  to  the  understanding  Of  the  function  of 
the  hooked  comb. 

Vind  Tunnel  Test  of  Owl  .Wing 

A  small  owl  wing  was  placed  in  a  low  speed  wind  tunnel  and  the 
flow  over  the  wing  studied  with  smoke  visualization  and  tufts.  Kroeger 
found  that  the  smoke  flow  over  the  outer  half  of  the  wing  varied  with 
angle  of  attack.  As  shown  in  Figures  8  and  9,  the  flow  over  the  wing 
turned  inboard  at.  low  angles  of  attack  and  outboard  at  high  angles  of 
attack.  An  examination  of  the  flow  pattern  on  the  upper  wing  surface 
also  revealed  marked  variations  with  angle  of  attack.  At  low  angles 
of  attack,  the  streamlines  were  primarily  chordwise  and  no  effect  of 
the  leading  edge  comb  on  the  flow  field  could  be  seen.  At  high  angles 
of  attack,  the  comb  created  a  spanwise  flow  toward  the  wingtip.  This 
spanwise  flow  is  shown  in  the  surface  streamline  sketch  of  Figure  10. 
in  addition  to  creating  this  spanwise  flow  component,  the  combs  gene¬ 
rated  a  vortex  sheet  at  the  wing  leading  edge.  This  vortex  sheet  exten~ 
ded  from  the  bastard  wing  at -mid-span  out  to  the  tip  of  the  first  primary 
feather.  The  action  of  the  vortex  sheet  appeared  to  delay  flow  separa¬ 
tion  on  the  outer  half  of  the  wing  to  an  angle  of  attack  in  excess  of 
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Figure  9.  Flow  Over  the  Owl  Wing  at  High  Angles  of  Attack 


t,  >*w*i*«**m^ 


(yVrt/Ac/73-6 


30  degrees.  When  the  comb  was  removed  from  the  leadingedge,  thewlng 
stalled  at  a  much  lower  angle  of  attack  and  a  mapping  of  the  surface 
flow  (Figure  11)  indicated  that  the  s panwise  vertex  sheet  was  absent. 
Kroeger  reported  that  the  comb's  effect  on  the  flow  field  Was  highly 
three  dimensional.  As  shown  in  Figure  12,  the  turning  of  the  flow 

Oo  -  1  . *  *  - 

through  the  comb  is  highest  at  the  wing  surface  and  decreases  with  in- 
creasing  distance  from  the  wing  surface  until  the  f  joW  ischordwise  at 
the  comb  tips..  Ko  deformation  of  the  comb  occurred  during  these;  tests 
in  spite  of  the  small  relative  size  of  the  individual  teeth.  In  ex-  ' 
plaining  the  overall  flow  field  on  the  upper  wing  surface,  Kroeger  sugr 
gests  that  the  vortex  sheet  and  the  unusual  counterrotating  flow  fields 
at  mid-chord  are  created  by  the  mutual  action  of  the  hooked  comb;  the 
bastard  wing,  and  the  slotted  wlngfclp. 


Water  Tunnel  Experiment 

Kroeger  attempted  to  dupl icate  the  vortex  sheet  flow  created  by 
the  comb  system  in  a  small  water  tunnel.  The  shape  shown  In  Figure  13 
proved  successful.  The  comb  was  made  of  .0014  shim  stock  and  each  of 
the  blades  were  twisted  until  the  tips  had  a  zero  angle  of  attack  with 
respect  to  the  free  stream.  Although  the  analog  appeared  to  create  a 
vortex  sheet  downstream  of  the  comb,  no  tests  were  conducted  to  measure 
its  function  as  a  high  lift  device. 


Free  Fi ight  Test  of  Live  Owls 

A  Barred  owl  (Strix  varia  alien!}  was  used  In  Kroeger's  flight 
tests.  The  owl  was  constrained  to  fly  a  relatively  fixed  flight  path 
and  measurements  were  taken  by  means  of  photographs.  By  computing  velo¬ 
city  and  glide  angle  during  the  gliding  portions  of  the  owl's  flight, 
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average  Reynolds  number  and  1/0  Values  were  obtained.  £ t:0.  Reynolds 
number  of  approximately  1.3  x  10^,  Kroeger  reports  the,  owl1  s  gljl ding 

'  I  .  ^  «.  .  .  „  “  *  t  -  -  -  ' 

1/0  to  be  on  the  order  of  two;.  This  Is  very  low  performance  When  corn- 
par  edto  reported  values  of  16  to  20  for  a  soaring;  black  buraafd  fC). 
later  modif  icationsofthe  dWl*s  wing  including  removal  of  the  leading 
«dge  comb  fail ed  to  produce  any  noticable  change  in  flight  performance. 
This  resul  t  tended  to  indicate  that  the  full  aerodynamic  Capabilii ty.  of 
the  Wing  was  not  used  at  the  high  gl  ide  angl e  used  in  the  experiment. 


-v,  5 

^  w',~ 

5 

*  v:  t 
.  Cr  v  -  * 

Vi 


•:  { 


£'•>  i 


S  i 
c  .1 


£-  5 


20 


6&7AE£?3-& 


IV.  Physical  Characteristics  of  Owl  Wings 

-  -  ■  '  '  •  ’  .  ‘  '• £  • 

General  Features:  '  _ 

Owls  are  classified  In  the  biological  order  s trig i formes.  Most 
of  the  members  of  this  order  have  the- hooked  comb  configuration.  For 
this  investigation  two  species  of  live  ow1*  were  studied,  the  great 
horned  owl  (bubo  virgin iarius)  and  the  barn  owl  (tyto  alba).  The  plan- 
forms  of  thei r  Wings  are  shown  in  Figures:  14  and  1 5.  ln=  both  photo- 
graphs  the  hooked  comb  is  plainly;  visible  bh  the  first  primary  feather. 
The  wing  of  the  great  horned:  owl  is  held  in  a  position  close  to  that 
observed  in  gliding  flight.  The  outline  of  the  Wing  shows  it  to  have 
an  un tapered  inboard  section  with  an  ell  iptically  shaped  tip  or  mantis 
region.  Also,  the  individual  primary  feathers  exhibit  elliptical  tips. 
The  bastard  wing  is  located  at  the  approximate  mid-point  of  the  lead¬ 
ing  edge  and  is  faired  into  the  surrounding  covert  or  contour  feathers. 
The  covert  feathers,  especially  on  the  inner  wing,  are  extremely  light 
and  downy.  This  characteristic  lends  credence  to  the  theory  held  by 
several  authors  that  the  coverts  form  a  compl iant  surface  that  func¬ 
tions  to  delay  boundary  layer  transition  (5,9)*  This  ability  of  a 

e 

compliant  surface  to  delay  transition  has  been  established  by  Kramer 
(10).  Several  flights  of  the  great  horned  owl  were  observed.  The  owl 
was  induced  to  fly  between  elevated  perches  in  an  outdoor  enclosure 
*»0  feet  long.  On  most  of  the  flights  the  owl -flew  directly  over  the 
observer  at  heights  of  2-3  feet:.  A  number  of  characteristics  were 
noted  during  the  flights: 

1.  The  owl  has  an  extremely  long  glide  phase  during 
which  the  wing  remains  relatively  fixed  in  planform 
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Figure  !A.  Wing  Planform  of  Live  Greet  i!prnerf;  QWl 

Bastard  Wing  Located  Forward  at  Hld~Span: 
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and  sweep.  Figure  14  shows  the  wing  held  ik  a  position 
close  to  that  observed  in  flight* 

2.  The  bastard  wing;  was  held  s  lightlyopen  and  swept  forward. 

3.  The  deflection  of  the  primary  feathers  was  sroafl  but  the 
tip  slotswere  clearlYVisIbJe., 

4.  The  gl  ide  'fogfewas  approxi ma tely  15  degree's. 

5.  Openings  were  not  vtsJblebetween  the  secondaryf  others 
during,  tHe  gMd  lng  pHase. 

.Wing;  Measurements- 

Detailed  measurements  of  an  owl  wing  were  made  to  study  Its  aero¬ 
dynamic  characteris tics .  The  wing.,  was  formed  into  a  gl  iding  ccnf  igurar 
t ion  and  the  measurement  in  Table  I  taken.  Since,  the  weight  of  the 
owl  Was  not  available  it  was  computed  using  the  wing,  loading  value  typi 
cal  of  this  species  (11).  The  flight  Reynolds  number  was  based  on  the 
chord  length  taken  at  mld^span  and  a  velocity  of  25  ft/sec.  The  wing 
loading  value  of  ,637  lbf/ft2  Is  close  to  that  measured  for  other  pre¬ 
dator  birds  such  as  hawks  but  is  very  low  compared  to  conventional  air¬ 
craft.  By  comparison,  the  U-10D  Hello  Courier  aircraft  which  Is  cap¬ 
able  of  excellent.  STOL  performance  has  a  wing  loading  of  1^.7  lbf/ft2 
(12),  Figures  18  and  19  show  the  wing  sections  that  were  taken  at  re¬ 
presentative  positions  along  the  span.  All  the  sections  resemble  con¬ 
ventional  airfoils  in  that  they  can  be  described  by  distributing  a 
thickness  envelope  over  a  camber  line.  Section  1  was  taken  In  the 
region  between  the  wing  root  and  the  wrist  area.  This  represents  the 
thickest  part  of  the  wing  and  is  highly  cambered.  Section  2  taken  be¬ 
tween  the  wrist  and  the  end  of  the  region  covered  by  covert  feathers 
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Table  5 

I 

Measurements  of  Severed  Great  Borned-.OWl  Wing 

‘  1 

-i ; 

i 

l  - 

„  Height,  lb* 

- .  "  • 

1.7 

-  ; 

Wing  area;**,  in2 

398- 

Wing  Span,  in 

48.0 

Wing  sweep  angle,  deg. 

0 

i 

!  t 

'  f  : 

Chord  at  half  span,  in 

10. 

? 

(  - 

!  : 

j*N, 

Wing  loading,  ib/ft2 

0.64 

? 

i 

t 

Wing  aspect  ratio 

-5.8 

j 

Table  If 

Owl  Wing  Section  Measurements 


Section 

Chord 
(c),  in 

Camber 

Camber 

Position 

Max. 

Thickness 

Leading 
Edge  Radii 

1 

9.7 

,  14c 

.32c 

.68c, 

,03c 

2 

9.5 

.09c 

.44c 

.07c 

.03c 

3 

9.4 

.08c 

.4lc 

,03c 

sharp 

4 

8.1 

.09c 

•  51c 

,02c 

sharp 

*Weight  calculated  from  wing  loading  value  of  reference  5. 

**Wtng  area  includes  the  body  area  intercepted  by  the  wing. 
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Figure  17*  Wing  Sections  1  and  2 


Igure  18.  Wing  Sections  3  and  A 


~ _ _ 
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Section  5.  Position  of  Tip  Feathers  Under  Aero- 

elastlc  Deflection  During  Gliding  Flight 


remains  fairly  thick  but  has  reduced  camber.  A  narked  change  in  shape 
occurs  In  sections  3  and  4.  These  sections  are  located  in  the  manus 
region  where  the  surface  Is  composed  of  only  the  primary  feathers. 

Both  sections  have  sharp  leading  edges,  low  relative  camber,  and  small 
thickness.  Outboard  of  section  4  the  wing  breaks  Into  a  series  of 
multiple  airfoils.  The  relative  positions  of  these  airfoil  sections 
are  shown  in  Figure  19.  Considering  the  structure  of  the  wing,  changes 
In  the  geometry  of  the  inboard  sections  during  gliding  flight  should  be 
relatively  small.  Table  H  lists  the  section  values  of  camber,  maximum 
thickness,  and  leading  edge  radius.  Using  these  values,  the  following 
comments  can  be  made: 
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V.  Section  1  has  a  maximum  camber  of  }k%  which  is  much 

higher  than  on  conventional  airfoils  where  values 

rarely  exceed  h%.  This  high  camber  suggests  high 

section  C}  and  large  pitching  moments  (13) » 
max 

2.  Sections  3  and  4  have,  thicknesses  below  the  mini¬ 
mum  value  Of  usually  given  as  a  structural  limit 
in  preliminary  aircraft,  design  (14). 

3.  The  maximum  thickness  on  section  4  is  located  be¬ 
hind  mid- chord  .suggesting  a  large  percentage  of 
laminar  flow. 


Hooked  Comb 

In  order  to  model  the  hooked  comb,  its  exact  shape  and  orlenta- 

V 

tion  was  studied.  Since  the  comb  is  too  small  to  inspect  without  magni¬ 
fication,  a  laboratory  comparator  was  used  to  select  sections  for  micro¬ 
photography.  A  35  nan  single  lens  reflex  camera  with  bellows  attachments 
giving  negative  magnifications  of  1Q-30X  was  found  to  be  suitable. 
Microphotographs  of  the  comb  are  presented  in  Figures  20  through  26. 
Figure  20  shows  a  top  view  of  the  comb  system  magnified  30X.  Even  at 
this  high  magnification,  the  surface  formed  by  the  barbuies  appears  to 
be  fairly  solid  except  for  the  fringing  at  the  tips.  Separation  of  the 
barbuies  from  the  adjoining  barb  occ  irs  some  distance  prior  to  the  be¬ 
ginning  of  the  taper  in  the  outer  portion  of  the  comb.  Because  of  this, 
the  barbule  surface  overlaps  the  adjoining  barb  for  short  distance. 
This  characteristic  cannot  be  fabricated  in  a  model  cut  from  a  flat 
sheet.  Figures  21  and  22  show  the  comb  from  the  direction  of  the  free 
stream  when  the  wing  Is  at  an  angle  of  attack  of  30  degrees,  in 
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figure  21  a  cascade  is  formed  by  the  barbules  which  resemble  a  series 
of  individual  blades,  and  turn  the  flow  toward  the  wing  tip.  If  the 
individual  barbuie  surfaces  are  assumed  to  be  relatively  impermeable, 
the  abil  Ity  of  the  cascade  to  turn  the  Floy*  may  be  quite  high.  A  pri¬ 
mary  variable  in  cascade  geometry  is  blade  solidity,  defined  as  the 
ratio  between  blade  chord  length  and  blade  separation,  in  this  cascade 
the  solidity  is  quite  high  in  the  base  region  and  tapers  off  toward  %he 
tip  as  the  barbuie  chord  length  decreases. 

Figure  22  shows  the  shape  of  the  barbs  on  the  underside  or  the 
wing  surface.  The  shape  remains  rectangular  until  reaching  the  comb 
where  it  changes  sharply  and  becomes  cylindrical.  A  critical  parameter 
in  specifying  the  orientation  of  the  barbs  is  the  angle  at  which  they 
radiate  from  the  vane  axis.  This  value  is  approximately  25  degrees 
and  varies  little  along  the  span  of  the  feather.  This  contrasts  with 
the  large  variations  in  barb  angle  present  on  a  flight  feather  without 
the  hooked  comb.  Further  insight  Into  the  shape  of  the  individual 
blades  or  barbuie  surfaces  can  be  gained  by  sectioning  a  single  barb 
from  a  leading  edge  primary  feather  and  photographing  it  from  several 
angles.  The  photographs  in  Figures  2,}  through  2$  show  the  barb  ?r»  the 
top,  left  side,  and  two  oblique  views.  (The  hole  appearing  in  all 
views  was  made  by  a  pin  during  sectioning.)  The  top  and  side  views 
show  the  twist  of  the  barb  along  Its  axis.  No  twist  could  be  seen  in 
the  barbuie  surface  about  the  barb  axis. 

Conclusions 

A  number  of  conclusions  were  made  after  considering  the  >wl ‘s 


wing  structure  and  aerodynamic  performance: 


Figure  24.  Comb  Blade,  Side  View 


f 
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1.  the  great  horhedpwl  was  copableof  higher  g!  Id- 


ing  values  of  (L/p)  than  reported  by  Kroeger.  _ 
This  may  suggest  why  Kroeger1?  removal  of  the 
1  ead ir.g  edge  coni  fai  1  ed  to  cause  a  change  in  the 
owl:-  $  gliding  performance. 

2.  The  bastard  Wing  5s  used  during  gliding  flight. 

3.  Except  for  the  tip  region*  the  wing  could  be  con¬ 
sidered  an  unbroken  surface  during  the  gliding, 


phase. 


4.  The  wing  sections  tn  the  region  of  the  comb  are 
thin  and  have  sharp  leading  edges. 

5.  The  hooked  comb  shape  with  the  exception  of  the 
barbule  overlap  in  the  base  region  can  be  fabri¬ 
cated  from  a  flat  sheet. 

6.  An  important  parameter  in  constructing  the  comb 


appears  to  be  the  25  degree  angle  at  which  the 
axis  of  the  barb  radiates  from  the  feather  vane. 
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V«  Experimental'  Ea 


c«nd;  Model  Descf  f  pt  Idh 


Wind  Tunnels, 


Two  wind  tunnels  were  used  during  the  course  of  this  study.  Most 
of  the  work  was  done  in  the  jrfoot  tunnel  belonging  to  the  AF  FK'lgh.t 
Dynamics  Laboratory.  This  tunnel  Js  an  open  circuit »  closed  test  seer 
tlon  unit  capable  of  velocities  up  to  30  ft/sec.  The  physical  layout 
of  the  tunnel  (Figure  27)  consists  of  a  wooden  tube  measuring  3  feet  in 
diameter  and  ten  feet  long.  The  airflow  is  controlled  by  a  variable 
speed  DC  motor  instal ied  at  the  exit  of  the  tunnel.  The  motor  drives 
a  three-bladed  propeller  located  behind  adjustable  guide  vanes  that  re¬ 
duce  undesirable  rotational  velocities  in  the  test  section.  Turbulence 
reduction  is  accomplished  by  use  of  a  removable  honeycomb  section  placed 
In  the  tunnel  entrance.  The  test  section  is  viewed  through  a  large 
plexiglass  window  on  the  right  wall  of  the  tunnel  and  accessibility  to 
models  Is  afforded  by  a  port  on  top.  During  this  test  the  tunnel  was 
equipped  with  a  commercially  manufactured  smoke  generator  called  the 
"Cloud  Maker"  (Testing  Mrchines  Inc.'.  This  unit  produces  a  thick  white 
smoke  by  evaporating  mineral  oil.  A  high  pressure  bottle  of  carbon 
dioxide  is  used  to  force  the  smoke  into  a  glass  jar  which  acts  as  a 
reservoir.  From  the  reservoir  the  smoke  is  injected  into  the  tunnel 
through  a  rubber  tube  connected  to  a  3- foot  section  of  3/16"  diameter 
stainless  steel  tubing.  To  obtain  multiple  smoke  streams,  a  second 
tunnel  was  used  briefly.  The  tunnel  belonged  to  the  AF  Aerospace  Re¬ 
search  Laboratory  (Figure  28},  !t  consists  of  a  closed  section,  open 
circuit  unit  with  a  1*  x  1*  square  test  cross  section.  Air  enters  the 


tunnel  through  ten  screens  and  Is  contracted  In  a  nozzle  before  reaching 


Wind  Tunne) 
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the  test  section.  AT?  flow  \s  Induced  by  a  fan  driven  Ky  a;  ^  hp  conr 
slant  speed  rotor.  Velocity  is  controlled  by  adjusting  louvers  In  the 
fan  section. •  Smoke  is  generated  by  evaporating  kerosene  using  an  elec¬ 
tric  heating  element,  the  smoke  is  injected  into  the  tunnel  through  7 
pipes  placed  in  front  of  the  entrance  screens.  Because  of  the  multi pie 
screens  and  the  high  contraction  ratio  of  the  nozzle,  extremely  low 
turbulence  flow  is  produced  in  the  test  section. 

Photography 

Pictures  of  the  smoke  flow  patterns  required  a  very  high  speed 
film.  The  film  was  Polaroid  Type  57  with  an  ASA  3000  speed.  The  camera 
was  a  Craflex  4X5  used  in  conjunction  with  a  high  intensity  stroboscopic 
light  source.  Best  results  were  obtained  with  camera  settings  of  fl6 
at  1/100  sec. 

Models 

Airfoils.  Three  airfoil  shapes  were  used  In  the  experiment.  All 
were  cui.  from  .065"  aluminum  sheet  and  had  sharpened  leading  edges.  The 
planform  and  camber  of  the  models  are  shown  In  Figure  29.  Model  A  was 
a  flat  plate  with  an  elliptically  shaped  tip.  Model  B  was  similar  In 
planform  but  had  circular  arc  camber.  Model  C  was  cambered  only  on  the 
forward  position  of  the  wing  and  had  a  rectangular  shaped  tip.  The 
models  were  supported  In  the  tunnel  by  the  sting  system  shown  in  Figure 
27*  To  minimize  Interference  effects  of  the  mounting  and  provide  an  end 
plate  for  the  wing  root,  a  10"  x  10"  aluminum  plate  could  be  attached  to 
the  sting  at  the  wing  root. 

Hooked  Comb.  The  best  fabrication  results  were  attained  with  .004" 
brass  shim  stock,  which  is  easily  cut  with  small  scissors  and  can  be  shaped 
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using  tweezers.  The  first  design  (Figure  30)  was  constructed  by  laying 
off  a  series  of  parallel  lines  oriented  at  a  25  degree  angle  to  the 
leading  edge.  The  blades  forced  by  these  lines  Were  then ‘given  an 
elliptical  taper.  The  second  design  represents  an  attempt  to  Induce  a 
hook  shape  into  the  corob.  To  produce  the  hook,  circular  arcs  are  drawn 
from  positions  specified  in  the  dimensions  of  Figure  31.  The  two  combs 
of  each  type  illustrate  the  different  shapes  that  can  be  obtained  by 
variation  of  the  specified  d  i.mehsibns .  Table  Hi  gives  the  dimensions 
of  the  combs  that  were  used  in  the  tests.  As  the  table  shows,  the  most 
successful  combs  were  quite  small  and  difficult  to  fabricate.  To  aid 
th  working  with  such  small  dimensions,  arcs  were  drawn  with  a  4  x  0 
Rapidojgraph  pen  and  the  parallel  lines  were  applied  from  dry  transfer 
sheets. 

Procedure 

Every  effort  Wi'S  made  to  keep  the  hooked  comb  and  wing  models  as 
simple  as  possible.  !n  the  previous  sections  a  number  of  other  devices 
on  the  owl  wing  were  identified  which  could  contribute  to  the  mechanism 
that  delays  flow  separation.  Two  of  the  devices  were  considered  for 
model  testing.  These  were  the  bastard  wing  and  the  slotted  wing  tip. 
The  bastard  wing  was  modeled  with  a  small  winglet  cut  from  shim  stock 
which  could  be  fastened  at  various  positions  and  angles  to  the  wing 
surface  with  modeling  clay.  The  slotted  wing  tip  may  also  be  signifi" 
cant  but  was  not  studied  .iere  because  of  the  difficulties  involved  In 
duplicating  its  aeroelastic  bending  and  vibration  characteristics. 

Of  the  three  types  of  flow  visualization  methods  attempted,  only 
one  was  successful.  A  slurry  made  with  titanium  dioxide  and  kerosene 
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Table  III 
Comb  Dimensions 


dimensions,  in 


Model 

A 

B 

C 

p 

E 

F 

1* 

3.0 

0.3 

0.5 

0.08 

>  . '  f 

a* 

2 

7.5 

6.3 

6.5 

0.05 

- 

3 

7.5 

0.3 

0.8 

0.05 

- 

- 

k 

7.5 

0.3 

0.6 

0.03 

\ 

•at 

5 

7.5 

1.0 

1.1 

0.05 

- 

•• 

6 

7.5 

1.0 

1.1 

0.03 

w» 

•m 

7** 

.7.5 

1.0 

1.1 

0.03 

0.38 

0.31 

*Model  1  has  untapered  blades.. 

**Hodel  7  is  constructed  using  circular  arcs 


GAH/AE/7jH6 

mixed  According  to  the  instructions  of  reference  15  did  not  give  conr 
st stent  results  because  of  the  low  speed  range  of  the  wind  tunnels. 

Tufts  applied  directly  to  the  upper  wing  surface  gave  no  information 
on  flow  oehavior  above  the  spahwise  vortex  region  existing  behind,  the 
comb.  The  use  of  smoke  was  successful  in  showing  the  effect  of  the;  combs 
on  the  flow  field  when  the  experimental  sequence  was:  * 

1.  Test  each  wing  model  without  the  comb  attached 
arid  record  stalling  angle  6f  attack. 

2.  Test  wing  with  Comb  installed. 

a.  Check,  flow  through  the  comb  for  spanwise 
turning  at  high  angles  of  attack.  ° 

b.  Check  for  stationary  vortex  sheet  aft  of 
the  comb. 

Test  wing  with  comb  and  bastard  wing  installed 
and  record  stalling  angle  of  attack. 
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VI.  Results 

The  results  of  the  experiment  are  grouped  in  threeparts;  -  Part  1 
represents  the  prel  iminary  observations  of  the  comb*s  effect  oh  the 
flow  field  at.  the  low  tunnel  speed  of  5  ft/sec.  Part  2  shows  the  high 
lift  function  of  the  comb  at  increased  tunnel  speeds  of  15  ft/sec,  and 
part  3  relates  the  comb  flow  field  to  that  created  by  spanwlse  blowing: r: 
across  the  wing. 

Part  1 

The  preliminary  low  speed  tests  were  conducted  using  the  flat  plate 
wing  (A).  The  first  five  comb  models  were  glued  to  the  upper  surface  of 
the  wing  with  the  comb  blades  extending  forward  over  the  sharpened  lead¬ 
ing  edge.  The  low  tunnel  speed  of  5  ft/sec  Was  used  to  obtain  coherent 
smoke  patterns  so  that  detailed  streamline  behavior  could  be  observed. 
Smoke  flow  over  the  wing  prior  to  fitting  the  combs  (Figure  32)  showed 
that  the  streamlines  proceed  directly  chordwlse.  With  the  combs  instal¬ 
led,  the  flow  pattern  changes  noticeably.  At  low  angles  of  attack, 
{Figure  33)  the  flow  through  the  comb  continues  chordwise  but  exhibits 
considerable  stagnation  on  the  wing  surface  Indicating  some  reduction  In 
flow  velocity.  At  high  angles  of  attack  near  30  degrees  (Figure  3*0, 
the  comb  turns  the  flow  spanwjse  toward  the  wing  tip.  if  the  comb  ex¬ 
tends  to  the  wing  tip,  the  flow  through  tne  comb  becomes  entrained  in  a 
stationary  vortex  core  that  moves  laterally  across  the  wing  and  rolls  up 
in  the  trailing  tip  vortex  (Figure  35).  Placing  thewioglet  at  mid-span 
(Figure  36)  destroyed  the  vortex,  instead  of  moving  spanwlse  the  flov; 
moved  into  the  region  just  under  the  winglet  and  stagnated.  This  was 
likely  caused  by  the  winglet  inducing  attached  flow  in  this  area  while 
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the  rest,  of  the  flow  on  the.  upper  wing  surface  remained  fully:  separated', 
increasing  tunnel  velocity  did,  not  cause  attached  flow  at  angles  of 
attack  above  the  plain  wing  stall,  instead,  a  classical  vortex  street 
was  periodical ly  shed  from  the.  leading  edge  (figure  37).  Vatiat?dns  in 
comb  twist  and  wing let  orientation  caused  no  changes  In  the;  observed 
flow  patterns.  The  stationary  vortex  existed  only  when  the  flow  was 
fuiiy  Separated  and  the  winglet  was.  not  installed.  To  close  put  the 
preliminary  tests  a  comb  with  untapered  blades  was  tried..  No  station¬ 
ary  vortex  was  created  by  this  configuration  and  it  was  discontinued. 

Part  2 

None  of  the  comb  models  were  successful  in  Increasing  the  stalling 
angle  of  attack  of  the  flat  plate  wing  (A)  or  the  fully  cambered  wing 
(8)  using  tunnel  speeds  up  to  the  maximum  available  of  30  ;ft/sec.  At 
this  point  . In  the  experiment,  hew  insight  Into  the  theory  of  the  comb 
operation  suggested  two  changes  which  proved  successful.  The  first  was 
to  more  closely  model  the  bionic  geometric  ratio  of  comb  blade  length 
to  wing  chord.  Wing  C  in  combination  with  comb  6  or  7  reduced  this 
ratio  to  2.5%  which  approximated  more  closely  the  value  of  1.8%  measured 
on  the  owl  wing.  Second,  a  sharper  leading  edge  was  made  by  fastening 
the  comb  to  the  bottom  surface  of  the  wing.  This  allowed  the  ,00V  shim 
stock  at  the  base  of  the  comb  to  become  the  wing  leading  edge.  The  tests 
of  these  wing/comb  combinations  proved  successful  In  delaying  flow  sepa¬ 
ration  to  a  marked  degree.  No  difference  In  performance  could  be  de¬ 
duced  between  the  two  comb  models  even  though  they  differed  greatly  in 
shape  and  solidity.  At  a  tunnel  speed  of  15  ft/sec,  the  stalling  angle 
of  attack  was  delayed  from  22  degrees  to  30  degrees.  Stall  could  be 
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further  delayed  up  to  35  degrees  if  the  bastard  wing  was  mounted  on  the 
wing.  The  -optimum  position  for  the.  bastard  wing  was  at  raidrspah  wi_th  a 
forward  sweep  of  45  degrees  and  raised  fron  the  wing  Surface  30  degrees. 
y?hg  performance  i«s  yery  sensitive  to  changes  in  bastard  wing  sweep. 

Changes  in  root  mounting  angle  with  the  wing  surface  seemed  to  have  much 

»  "  , 

less  effect. 

A  close  study  of  the  stroke  flow  pictures  gave  considerable  insight 

into  the  flow  mechanism  responsible  for  creating  the  high  lift  behavior. 

o  r  -  ' 

Pictures  of  the  wing  without  the  comb  installed  established  the  stalTr 

ing  angle  of  attack  to  be  hear  22  degrees  (Figure  38).  The  stall  was 

characteristically  abrupt  with  no  sign  of  transition  of  oscillation. 

At  angles  of  attack  well  above  the  stall  (Figure  39),  the  flow  wars  fully 

separated  at  the  leading  edge,  installing  the  comb  produced  no  chany.es 

in  flow  behavior  on  the  wing  at  angles  of  attack  below  22  degrees.  As 

the  angle  of  attack  approached  the  22  degrees,  however,  increasing 

separation  was  evident  at  the  wing  trailing  edge  (Figures  40-41),  As 

angle  of  attack  Increased  above  22  degrees,  the  flow  first  became 

strongly  reattached  at  the  trailing  edge  (Figure  42)  and  then  the  vortex 

region  at  the  leading  edge  began  to  grow  progressively  larger  (Figures 

43**44).  Moving  the  smoke  probe  toward  the  wingtip  (Figure  45)  showed 

the  vortex  region  was  now  smaller  in  size  and  of  greater  intensity.  In 

the  regions  where  the  vortex  was  strong  an  apparent  stagnation  point 

was  formed  by  the  smoke  flow  impinging  on  the  wing  surface  directly 

behind  the  vortex  region.  As  the  wing  approached  the  stalling  angle  of 

attack  (Figure  46),  separation  was  evident  at  the  trailing  edge.  Stall 

occurred  abruptly  (Figure  47)  much  in  the  same  manner  as  the  plain  wing. 

The  nature  of  the  vortex  core  was  examined  by  injecting  smoke  into  the 


GAH/AE/7H  '  '  ;  ^ ' 

region  just  behind  the  comb  (Figure  k$) ,  The  smoke  Was  entrained  in 
the  vortex  and  outl ines  Us  position  on  the  wing.  Placing  the  bastard 

wing  bn  the  model  reestablished  the  vortex  f  low  f  ield  at  angles -of 

.  ■  .  ^ 

attack,  up  to.  Ik  degree's  (Figures  43-51} ,  Again,  seperatton  is  evident 
at  the  trailing  edge  just  prior  to  stall.  '  - 

At  the  conclusion  of  the.  experiment; a  small  owl  wing  was  tested  in 
the  smoke  tunnel  to  compare  its  .performance- With  that  of  the  modei.  A 
similar  vortex  region  was  observed  on  the  owl  wing  and  the  stalling  angle 
of  attack  agreed  within  one  degree  with  that  of  the  mode). 
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Figure  AO.  Attached  Flow  with  Comb 
a  »  15%  V  *  15  ft/sec 
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Figure  A! . 


Flow  Separation  Evident  at  Trailing  Edge 
a  «  19%  V  «  15  ft/sec 
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Figure  42.  Flow  Fully  Attached  Above  Plain  Wing  Stall 

«  «  23®,  V  “  15  ft/sec 
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Figure  43.  Leading  Edge  Separation  Region  Evident 
a  »  24°,  V  «  15  ft/sec 


56 


I 

* 


V  • 

i 

i 

l  Figure  44 

} 

> 

'} 

) 


< 

Large  Separation  Region  at  &0%  Span 
a  «  27° *  V  “  15  Ft/sec 
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Figure  45.  Small  Separation  Region  at  75%  Span 
ha  »  27°,  V  »  1 5' Ft/sec 
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Figure  46.  Trailing  Edge  Separation 
a  »  23®,  V  »  15  ft/sec 
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Figure  47.  Fully  Separated  Flow 
a  «*  30°  V  o  15  ft/sec 
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Figure  48.  Vortex  Core  Illuminated 
a  »  30%  V  »  15  ft/sec 
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Figure  49.  Bastard  Wing  instal 1 ed~Flow  Reattaches 
a  =  30°,  V  *  15  ft/sec 
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Figure  50.  Approaching  Stall  with  Bastard  Wing  installed 
a  “  3^*,  V  *  15  ft/sec 
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Figure  51.  Fully  Separated  F’cw 
a  »  k0° ,  V  «  15  sec 
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The  flow  field  seen  on  a  wing  equipped  with  spahwlse  blowing  ap¬ 
pears  to  be  the  sameas  that  produced  by  the  comb,  An  air  jet  was  in¬ 
stalled  at  the  leading  edge  of  wing  C.  The  jet  axis  was  oriented  span- 

V  -  .  * 

wise  and  photographs  of  the  flow  Were  made  with  and  without  blowing  at 
an; angle  of  attack  well  above  normal  wing  stall.  The  test  was  conduc¬ 
ted  in  the  ARL  wind  tunnel  which  could  provide  multiple  smoke  streams.  ~ 
Figure  52  shows  the  wing  fully  stal led.  (The  air  hose  obscures  the 
streamlines  in  the  upper  left  corner  of  the  picture.)  In  Figure  53  the 

blowing  is  on  and  the  vortex  region  is  clearly  outlined  by  the  smoke 

\ 

streams.  No  further  tests  were  run  .as  excellent  pictures  of  spanwise 
blowing  were  available  for  further  study  in  references  16,  17  and  18i 


Theory 

Vortex  Lift.  It  appears  that  the  comb  generates  a  spanwise  leading 

j 

edge  vortex  sheet  which  leads  to  the  high  lift  characteristics  observed 
in  the  flow  visualization  experiments.  This  vortex  sheet  !s  composed  of 
leading-edge-separated  vortex  filaments  that  are  formed  when  the  flow  is 
unable  to  negotiate  the  sharp  leading  edge  of  the  airfoil  and  separates. 
Unswept  wings  with  sharp  leading  edges  shed  this  vorticity  as  a  periodic 
vortex  street  similar  to  that  observed  behind  bluff  bodies.  Figure  37 
is  an  excellent  example  of  the  vortex  street  generated  by  the  test  wing 
before  the  comb  was  perfected.  As  the  airfoil  is  swept  back  in  the  flow 
field,  the  flow  changes  character.  The  vortices  do  not  periodically 
shed  from  the  wing  surface  but  roll  up  Into  what  is  termed  a  vortex 
sheet.  Figure  shows  a  diagram  from  Hal  thy  (19)  of  the  vortex  sheet 
produced  by  a  delta  wing  operating  at  an  angle  of  attack.  In  the  sketch, 
the  leading-edge-separated  vortex  distribution  Js  represented  by  discrete 
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Figure  52.  Separated  Flow,  Blowing  Off 
a  -  35%  V  «  25  ft/sec 
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Figure  53*  Attached  Flow,  Blowing  On 
a  «  35*.  V  »  25  ft/sec 
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filaments  beginning  at,  the  leading  edge  and  rolling  up  to  form  a  sur¬ 
face.  this  surface  is  the  so-called  vortex  sheet  and  is  seen  to  en¬ 
close  a  core  of  rotating  fluid  that  grows  in  size  and  strength  as  it 
flows,  streamwlse  along  the  upper  wing  surface.  The  presence  of  this 

stationary  vortex  sheet  on  the  upper  Wing  surface  creates  a  low  pres- 

< 

sure  region  of  separated  flow  under  the  outer  flow  field.  Experiments  ' 

have  shown  that  the  outer  flow  field  flows  smoothly  over  the  separated 

togior.  and  reac 'caches  to  tne  wing  surface  just  behind,  the  vortex  sheet 

(20).  The  lift  forces  produced  by  a  delta  wing  are  characterized  by  a 

non-linear  variation  with  angle  of  attack.  Figure  55  shows  typical  lift 

^  v,  for  wings  with  aspect  ratios  of  .5>  1.0,  and  2.0.  in  •!  three 

cases  the  slope  of  the  lift  curve  increases  with  angle  of  attack  until 

C«  is  reached.  Following  Polhamus  (21),  the  lift  forces  are  separa- 
max 

ted  into  two  components.  The  first  Is  the  conventional  linear  lift  ob¬ 
tained  by  a  solution  of  the  ideal  flow  about  the  airfoil.  The  second 
component  is  termed  non-linear  or  vortex  lift  and  is  identified  by  Pol¬ 
hamus  as  the  force  resulting  from  the  low  pressure  field  created  on  the 
wing  surface  in  the  area  of  the  separated  flow  containing  the  vortex 
sheet.  Comparison  of  the  increments  of  lift  produced  by  each  component 
shows  two  trends.  The  first  is  the  increase  in  vortex  lift  as  angle  of 
attack  is  increased.  This  can  be  attributed  to  the  increased  vortex 
shedding  which  produces  lowe**  pressures  In  the  separated  region.  The 
second  trend  is  the  Increase  in  the  ratio  of  vortex  lift  to  linear  lift 
as  the  aspect  ratio  decreases.  This  is  explained  by  noting  that  lower¬ 
ing  the  aspect  ratio  of  the  delta  wing  implies  greater  sweep  which  in¬ 
creases  the  fraction  of  wing  area  that  is  in  contact  with  the  vortex 
•  sheet.  Stall  does  not  usually  occur  on  the  delta  or  swept  wing  in  the 
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normal  manner.  The  decrease  In  C.  after  reaching  C,  ..  Is  typically 

"  ""  />max 

gradual  and  is  accompanied  by  a  large  increase  In  the  drag  force.  The 

mechanism  Involved  is  thought  to  be  a  breakdown  of  the  ordered  flow  in 

the  vortex  region  that  occurs  first  at  the  wing  trail Ing  edge, and  travels 

forward  as  the  angle  of  attack  is  increased  above  Ci  (20).  the  well 
'  ^  '  '  Lmax  ‘ 

establ Ished  flow  pattern  observed  or,  the  delta  wing  appears  to  resemble 

4  * 

that  found  on  the  unswept  wing  equipped  with  the  leading  edge  comb. 

The  three  elements  that  allow  the  vortex  sheet  to  form  on  the  delta  wing 
are  seen  as:  (a)  the  existence  of  leading-edge-separated  vortices,  (b)  . 

a  spanwise  velocity  component,  and  (c)  a  favorable  pressure  gradient  on 

G 

the  wing  surface  to  prevent  vortex  breakdown  or  burstings  In  compari¬ 
son,  the  experiments  with  the  unswept  wing/comb  combination  show  that: 

(a)  leading-edge-separated  vortices  exist  at  the  sharp  leading  edge  of 
the  wing,  (b)  spanwise  velocities  are  produced  at  the  wing  leading  edge 
by  the  mechanical  turning  action  of  the  cascade-like  comb,  and  (c)  a 
favorable  spanwise  pressure  gradient  exists  at  high  angles  of  attack 
because  of  the  vortex  sheet  created  by  the  flow  around  the  sharp  wing 
tip  region,  it  should  be  noted  that  the  existence  of  the  tip  vortex 
alone  can  contrioute  sizable  non-IJnear  lift  Increments— especially  on 
rectangular  wings  of  very  low  aspect  ratio.  Reference  14  shows  this 
increment  to  be  expressed  as, 


AC^  “  Cj  a2 


where  represents  a  coefficient  that  is  based  on  aspect  ratio  and 
planform.  A  graph  of  this  effect  is  shown  in  Figure  56. 

Spanwise  Blowing,  An  excellent  analogy  exists  between  the  flow 
field  produced  by  the  hooked  comb  and  the  effect  of  spanwise  blowing 
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across  an  unswept  rectangular  - 

wing*  Dixon  (16)  ana  others 

5 

conducted  spanwl se  blow! ng 
tests  on  a  wing  similar  to  4 

those  tested  in  this  study  3 

and.  reports  flow  patterns 

-  2 

closely  resembling  those 

«  ^ 

found  in  the  comb  tests* 

'Dixon’s  model  was  a  flat 

1  2  3  4  5  6 

plate  with  a  sharpened  A 

leading  edge  and  had  an  Figure  56.  Non-linear  Wing-tip  Lift 

for  Several  Planforms  (Ik) 

air  jet  locat'd  at  the 
quarter  chord  position  of 

the  wing  root  oriented  to  blow  spanwl se  across  the  wing.  Figure  57 
shows  a  cross  section  sketch  of  the  streamlines  created  by  the  jet  at 
an  angle  of  attack  well  above  the  normal  flat  plate  stall.  The  unique 
characteristic  or  this  two-dimensional  view  is  the  apparent  stagnation 
point  that  forms  on  the  top  of  the  wing  surface  just  behind  the  leading 
edge  vortex  sheet.  When  the  overall  three-dimensional  flow  field  is 
considered,  this  point  represents  a  line  of  division  between  the  flow 
entrained  In  the  vortex  and  cite  exterior  field.  Figure  58  shows  the 
resuJtJng  streamlines  on  the  upper  wing  surface  obtained  by  Dixon  using 
a  slurry  for  flow  visualization.  The  "herring  bone"  appearance  of  the 
streamlines  near  the  leading  edge  is  like  that  obtained  in  similar  tests 
of  delta  wings  (19).  While  the  line  of  division  between  the  two  types 
of  flow  Is  not  strictly  a  stagnation  line,  there  is  no  stream /fse  com¬ 
ponent  of  veJcr-lty  arui  the  spanwise  velocity  is  relatively  small.  This 
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analogy  offers  an  explanation 

y 

of  the  unusual  line  of  stag¬ 
nation  reported  by  Kroeger 
on  the  owl  wing  (6). 

Dixon's  experiments 
give  some  indication  of  the 
non-linear  lift  values 

achieved  by  spanwise  blow- 
'  Figure  57»  Two-Dimensional  Stream¬ 
ing.  Figure  59  shows  the  lines  with  Spanwise 

Slowing  (16) 

lift  curves  obtained  for 

various  degrees  of  blowing.  The  blowing  coefficient  is  defined  as: 

»  vjet 
Cp  -  -r — 

q  5 

where  S  represents  the  wing  surface  area.  To  represent  the  Increment 
of  lift  actually  produced  by  the  spanwise  blowing,  an  additional  curve 
has  been  superimposed  to  show  the  non-linear  lift  due  to  tip  effect. 
This  was  computed  using  the  method  of  reference  M. 

Bastard  Wing.  The  comb  exper*ment  also  considered  the  effects 
of  the  bastard  wing  on  the  flow  field  as  It  was  previously  assumed  to 
be  working  in  conjunction  with  the  comb,  including  a  small  winglet  at 
mid-span  did  result  in  higher  values  of  stalling  angle  of  attack  in 
the  smoke  visualization  experiments.  This  was  unusual  performance  if 
the  winglet  is  considered  to  be  functioning  only  as  a  conventional 
leading  edge  slat,  in  addition  to  the  slat  effect,  however,  a  vortex 
field  is  produced  by  the  bastard  wing.  This  is  shown  in  Figure  60. 

The  forward  sweep  of  the  winglet  produces  a  leading  edge  vortex  sheet 
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VII.  Conclusions  and  Recommenda t i ons 

The  results  of  the  study  of  the  owl  wing  and  the  experiments  with 
the  hooked  comb  suggest  the  following  conclusions: 

1.  The  hooked  comb  present  on  the  owl  wing  works  in  conjunc- 
tion  with  a  sharp  leading  edge  to  produce  non-linear  lift 

t 

on  the  outer  half  of  the  wing. 

2*  A  working  model  of  the  comb  system  can  be  made  from  sheet 
metal.  The  critical  parameters  In  the  comb  construction 
are  thought  to  be: 

a.  A  comb  blade  length  to  wing  chord  ratio  near 

1.8*. 

b.  Slanting  the  comb  blades  at  a  25  degree  angle 
relative  to  the  wing  leading  edge.  This  slant 
is  toward  the  wingtip. 

c.  The  individual  blades  must  be  tapered. 

3.  The  comb  turns  the  flow  only  at  high  angles  of  attack.  At 
flight  angles  of  attack,  the  comb  presents  an  extreme. y 
small  drag  profile. 

4.  The  small  relative  sLa  of  the  comb  (1.8%)  makes  It 
attractive  for  use  as  an  aircraft  high  lift  device. 

It  Is  specifically  suited  for  aircraft  possessing  un- 
swapt  wings  with  sharp  leading  edges.. 

5.  The  flow  field  created  by  spanwise  blowing  Is  very 
similar  to  the  flow  field  created  by  the  hooked  comb. 

6.  The  bastard  wing,  extended  on  the  upper  surface  of  the 
owl  wing  during  gliding  flight,  may  act  as  a  fence  to 
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delay  outward  propagation  of  flow  separation  if  real 
thick  and  highly  cambered  wing  root  sections. 

7.  Potential  applications  of  the  comb's  principle  of 
operation  can  be  envisioned  in  the  fields  of  fluidics 
and  combustion  chamber  design.  Several  fluidic  de¬ 
vices  already  developed  use  separated  flow  to  alter 
the  performance  of  a  nozzle,  in  turbojet  engines, 
shorter  combustion  chamber  design  hinges  in  part  on 
improved  means  of  combining  the  air/fuel  mixture. 

The  hooked  comb  deserves  consideration  in  both  these 
applications  as  it  appears  to  be  the  first  unpowered 
device  reported  in  the  literature  that  creates  a 
stationary  vortex  sheet  oriented  at  right  angles  to 
the  direction  of  flow. 

The  following  recommendations  are  made: 

1.  Further  wind  tunnel  tests  should  be  conducted  using  a 
hooked  comb  model  to  measure  aerodynamic  forces  and 
refine  the  concept  of  non~Iln6ar  lift. 

2.  Larger  models  should  be  considered  for  any  new  wind 
tunnel  tests  as  the  small  relative  size  of  the  comb 
makes  accurate  fabrication  difficult. 
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